Based on the framework of nonrelativistic Quantum Chromodynamics (NRQCD), we carry out next-to-leading order (NLO) QCD corrections to the decay of Z boson into χ c and χ b , respectively.
I. INTRODUCTION
As one of the most successful theories describing the production of heavy quarkonium, nonrelativistic Quantum Chromodynamics (NRQCD) [1] has proved its validity in many processes [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] , including the hadroproductions of J/ψ, η c and Υ, and the photo-/electroproductions of J/ψ etc. Despite these successes, NRQCD still faces many challenges, for example the NRQCD predictions significantly overshoot the measured total cross section of e + e − → J/ψ + X non−cc released from BABAR and Belle collaborations [14] ; the J/ψ polarization puzzle is still under debate [15] [16] [17] . One key factor responsible for these problems is that there are three LDMEs to be determined, bringing about difficulties in fitting the LDMEs and drawing a definite conclusion.
In comparison with J/ψ, χ c is more "clean", namely at leading-order (LO) accuracy in v, 3 S [8] 1 is the unique color octet (CO) state involved, which is beneficial to carry out further study. In addition, considering the branching ratios of χ c → J/ψ + γ are sizeable, the χ c feeddown may have a significant effect on the yield and/or polarization of J/ψ, for example the inclusion of the χ c feeddown will evidently make the polarization trend of the hadroproduced J/ψ more transverse. On the experiment side, χ c can be easily detected by hunting the ideal decay processes, χ c → J/ψ → µ + µ − . In conclusion, comparing to J/ψ, χ c has its own advantages on further studying heavy quarkonium, deserving a separate investigation.
In the past few years, there have been a number of literatures concerning the studies of the χ c and χ b productions, mainly focusing on the hadroproduction processes [3-5, 8, 18-21] . Ma et al. [22] for the first time accomplished the next-to-leading order (NLO) QCD corrections to the χ c hadroproductions. Later on Zhang et al. [23] carried out a global analysis of the copious experimental data on the χ c hadroproduction, indicating that almost all the existing measurements can be reproduced by the NLO predictions based on NRQCD.
To further check the validity and universality of the χ c related LDMEs, it is indispensable to utilize them in other processes.
For this purpose, considering that copious Z boson events can be produced at LHC, the axial vector part of the Z-vertex allows for a wider variety of processes and the relative large mass of Z boson can make the perturbative calculations more reliable, we will, for the first time, perform a systematic study on the decay of the Z boson into χ c within the framework of NRQCD. Note that, due to the larger mass of the bb mesons, the typical coupling constant and relative velocity of bottomonium are smaller than those of charmonium, subsequently leading to better convergent results over the expansion in α s and v 2 than the charmonium cases. Thus, in this article, the χ b productions via Z boson decay will also be systematically investigated.
The rest paragraphs are organized as follows: In Sec. II we give a description on the calculation formalism. In Sec. III, the phenomenological results and discussions are presented.
Sec. IV is reserved as a summary.
II. CALCULATION FORMALISM
Within the NRQCD framework, the decay width of Z → χ c (χ b ) + X can be written as: 
and in the case of n = 3 P
[1]
J , there are two involved channels as listed below:
The typical Feynman diagrams corresponding to Eqs. (2) and (3) J . Note that, as shown in Eq. (2), the real correction processes Z → cc[ 3 S [8] 1 ] + q +q have been classified into two categorises, namely q = u and q = d(s), and in Fig.(1e) , the diagrams involving fermion loops of u, c and d, s, b are also divided into two groups.
For purpose of isolating the ultraviolet (UV) and infrared (IR) divergences, we adopt the dimensional regularization with D = 4 − 2ǫ. The on-mass-shell (OS) scheme is employed to set the renormalization constants for the heavy quark mass, the heavy quark filed and gluon filed, namely Z m , Z 2 and Z 3 , respectively. The modified minimal-subtraction (MS) scheme is adopted for the QCD gauge coupling, Z g , (Q = c, b)
where γ E is the Euler's constant, β 0 (n f ) = 11 3
T F n f is the one-loop coefficient of the β-function, and β 0 (n lf ) is identical to
T F n lf , with n f (= 5) denoting the number of active quark flavors and light quark flavors respectively.
In SU(3) c , the color factors are given by
and C A = 3. To subtract the IR divergences in the real correction channels as listed in Eq. 2, the two cutoff slicing strategy [24] is utilized.
To calculate the D-dimension trace of the fermion loop involving γ 5 , under the scheme described in [25] , we write down all the amplitudes from the same starting point (such as the Z-vertex) and abandon the cyclicity. As a crosscheck for the correctness of the treatments on γ 5 , we have calculated the QCD NLO corrections to the similar process, Z → cc[ 3 S [1] 1 ]+γ, and obtain exactly the same K factor as in [26] .
To deal with the color singlet (CS) processes, Z → cc(bb)[ 3 P [1] J ] + g + g, which involve soft singularities, we first classify Γ(Z → cc[ 3 P [1] J ] + g + g) into two terms (the bb cases can be obtained in a similar way),
then we have
Both
J ] + g + g) can be written as ("s" means soft)
with
where N c is identical to 3 for SU(3) gauge field. E and p denote the energy and 3-momentum of χ c , respectively. δ s is the usual "soft cut" employed to impose an amputation on the energy of the emitted gluon.
Now we are to calculate the transition rate of 3 S
[8]
J . Under the dimensional regularization scheme, we have
where, on the basis of µ Λ -cuttoff scheme, u c ǫ has the form of
Substituting Eqs. (7), (8), (9) and (10) into Eq. (6), we finally obtain the finite short distance coefficient for
. Having eliminated all the singularities, we will move on to perform the numerical calculations. 
from Refs. [8] and [23] . In the case of 3 P
[1] 
0 | cc Γ total Br(10 −5 ) 
which signifies a detectable prospect of these decay processes at LHC or other platforms.
It is observed that the QCD NLO corrections can enhance the LO results significantly, by 2 − 3 orders, which can be attributed to the kinematic enhancements via the 3 S [8] 1 single gluon fragmentation (SGF) diagrams that emerge first at the NLO level, such as the oneloop triangle anomalous diagrams ( Fig. 1(e) ) and those ( Fig. 1(j) ) associated with a final(q = u, d, s) pair. By the same token, the NLO * channels can also provide considerable contributions, about one half of the NLO results. Consequently the CO channels will play a vital role in the decay processes of Z → χ c + X. To show the CO significance evidently, we introduce the following ratios
where Γ χ cJ CO (J = 0, 1, 2) denotes the sum of the contributions from NLO and NLO * , and
total is the total results by adding together the CO and CS contributions. In addition to the crucial impacts on the total widths, the CO channels are also capable of significantly influencing the predictions on the ratios of χ c1 /χ c0 and χ c2 /χ c0 , as shown below
One can see that the CS results have been thoroughly changed by the inclusion of the CO states. These conspicuous differences can be regarded as an outstanding probe to distinguish the CO and CS mechanism.
On the aspect of CS, the c quark fragmentation dominated channels, namely Z → cc[ 3 P [1] J ] + c +c, serve as the leading role, and Z → cc[ 3 P [1] J ] + g + g contribute moderately, about 0.24%, 5% and 10% of the total CS predictions, corresponding to J = 0, 1, 2 respectively.
As was pointed out in the introduction to this paper, the χ c feeddown may have a substantial impact on the production of J/ψ. Therefore we employ the branching ratios of χ c to J/ψ as listed in [27] , specifically Br(χ c0 → J/ψ + γ) = 1.4%, Br(χ c1 → J/ψ + γ) = 34.3%
and Br(χ c2 → J/ψ + γ) = 19.0%, to evaluate Γ(Z → J/ψ + X) via the χ c feeddown.
Summing over all the contributions from χ c0 , χ c1 and χ c2 , we finally obtain
which is about one order of magnitude smaller than the experimental data released from the L3 Collaboration at LEP [28] . 
4. Based on NRQCD, the predicted decay widths via Z → χ bJ + X are presented in Tables. IV, V and VI, corresponding to J = 0, 1, 2, respectively. From the data in the three Tables, it   is 
Similar to the case of χ c , the NLO QCD corrections can also enlarge the LO results significantly, by about 10-20 times, and the impact of NLO * channels are as always sizeable. The ratios of the CO contributions to the total widths are slightly smaller than the χ c cases, to be specific
where Γ χ bJ CO , with J = 0, 1, 2, represents the sum of the NLO and NLO * contributions, and Γ χ bJ total denotes the total widths, including both the CO and CS effects. The relative smallness of these ratios can be partly ascribed to that the larger mass of m b will weaken the significance of the enhancements via SGF. Regarding the ratios of χ b1 /χ b0 and χ b2 /χ b0 , the NRQCD predictions are still far different from those built on the CS mechanism, namely CS : Γ χ b1 /Γ χ b0 = 1.175 − 1.188,
Analogous to χ c , the dissimilarities between these ratios are also very beneficial to check the validity of the CO mechanism.
In contrast to the previously stated "moderation" of the effects via Z → cc[ 3 P [1] J ] + g + g, in the case of χ b , the channel Z → bb[ 3 P [1] J ] + g + g can provide remarkable contributions,
where, corresponding to J = 0, 1, 2 respectively, the label Γ
J ] + g + g), and Γ
J ] + b +b). It is worth mentioning that, to satisfy the conservation of C−parity, at B factories, the
J ] + g + g are forbidden, leaving alone the heavy quark pair associated channels as the unique CS processes. Moreover the center-of-mass energy at B factories, namely 10.6 GeV, is too small to allow for
J ] + bb. From these points of view, the decay of Z boson seems to be more suitable for studying χ c and
At last, as a further step towards providing a sound estimate on the Υ(1S) production via Z decay, we make use of the branching ratios of χ b to Υ(1S), namely Br(χ b0 → Υ(1S)+γ) = 
IV. SUMMARY
In this paper, we have systematically investigated the decay of Z boson into χ c and χ b , respectively. It is found that the branching ratio for Z → χ c + X is on the order of 10 −5 , and 10 −6 for the χ b case, which implies that these decay processes are able to be detected. It is observed that, the 3 S [8] 1 SGF diagrams that first emerge at the NLO level will significantly enhance the LO results by about 2-3 orders for cc, and 10-20 times for bb.
For the same reasons, the NLO * processes can also contribute considerably, about 50% of the NLO results. Consequently, the CO contributions will play a vital, even dominant, role in the decay processes, Z → χ c (χ b ) + X. Aside from the significance in the total widths, the 3 S [8] 1 state also has a remarkable effect on the predictions on the ratios of Γ(χ c2 )/Γ(χ c0 ), Γ(χ c1 )/Γ(χ c0 ), Γ(χ b1 )/Γ(χ b0 ) and Γ(χ b2 )/Γ(χ b0 ), thoroughly changeing the results based on the CS mechanism. On the aspect of CS, the heavy quark pair associated channels, namely Z → QQ[ 3 P [1] J ] + QQ, play a leading role, however, the processes Z → QQ[ 3 P V. ACKNOWLEDGMENTS
